Abstract: An ultra-low-power MicroController Unit System-on-Chip (MCU SOC) is described with integrated DC to DC power management and Adaptive Dynamic Voltage Control (ADVC) mechanism. The SOC, designed and fabricated in a 40 nm ULP standard CMOS technology, includes the complete Synopsys ARC EM5D core MCU, featuring a full set of DSP instructions and minimizing energy consumption at a wide range of frequencies: 312 K-80 MHz. A number of unique low voltage digital libraries, comprising of approximately 300 logic cells and sequential elements, were used for the MCU SOC design. On-die silicon sensors were utilized to continuously change the operating voltage to optimize power/performance for a given frequency and environmental conditions, and also to resolve yield and life time problems, while operating at low voltages. A First Fail (FFail) mechanism, which can be digitally and linearly controlled with up to 8 bits, detects the failing SOC voltage at a given frequency. The core operates between 0.45-1.1 V volts with a direct battery connection for an input voltage of 1.6-3.6 V. Measurement results show that the peak energy efficiency is 18µW/MHz. A comparison to state-of-the-art commercial SOCs is presented, showing a 3-5× improved current/DMIPS (Dhrystone Million Instructions per second) compared to the next best chip.
Introduction
With advances in Internet of Thing (IoT) applications and the expansion of mobile devices, energy consumption has become a primary focus of attention in integrated circuits design [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . While IoT applications cover a broad range of products from wearable devices, smart houses, automotive devices, smart meters to inspection tools and many others, more than 50% of the market is dominated by battery operated devices. This includes wearable sensors, hearing aids, smart phones, smart meters, etc. Unlike devices that operate with an unlimited power supply, these mobile battery-operated units need to operate for extended periods without recharging, therefore, requiring ultra-low energy consumption. The demand for low energy dissipation is usually associated with a significant drop in performance, which can be acceptable in some applications. However, most portable IoT devices must operate in a wide range of frequencies that are dynamically defined by the application. In many cases, the IoT chips have two modes of operation: the low performance mode, where the device is mostly in deep sleep mode and simply senses the target, and the high performance mode, where the data from the environment are collected, computed and transmitted. Several publications presented state-of-the-art IC solutions with integrated dynamic voltage and frequency scaling (DVFS) [19] [20] [21] , allowing adaptation of the voltage to the frequency requirements. The design of complex (and cost This paper is an extended version of [29] , where we briefly presented the proposed MCU SOC for the first time. In this paper, we extend the content by adding detailed descriptions of the concepts of library characterization, first fail circuit operation, DC2DC and ADC circuits and providing schemes of the circuits, used in the PMU. The paper is organized as follows. In Section 2, we discuss the architecture, ADVC mechanism, FirstFail (FFail) and DC2DC circuits of proposed MCU SoC. Measurement results from the fabricated test chips are shown in Section 3. Section 4 concludes the paper.
The Proposed MCU SOC
Design of a reliable low voltage SoC, which can support minimum energy dissipation in a wide range of operation requirements, defined by the application is not a trivial task. This task becomes much more difficult when these requirements are defined dynamically by the users' needs and different environmental conditions. Targeting mass production brings a completely different level of complexity and can only be achieved by using a holistic approach. As mentioned in Section 1, a cross abstraction layer holistic approach was utilized to design the proposed SoC. In this Section, we present a number of basic concepts, starting from a basic library characterization, through to the MCU SoC architecture description, and finishing with Adaptive Dynamic Voltage Control, First Fail mechanism and DC2DC circuits.
Low Voltage Libraries Characterization
Low voltage library characterization was one of the first and most important steps in the holistic approach. Utilization of a conventional digital library for low voltage operation is not efficient for many reasons, including high sensitivity to process and temperature variations, non-compatibility of conventional Flip-flops and latches for low voltage operation, lack of mechanisms that allow dynamic adaptation of the gates, and sequential elements to follow real time requirements and environmental conditions and many others. Figure 1 depicts an example of voltage transfer characteristics (VTC) of a conventional standard cell operating from a 450 mV supply voltage under global process variations. As observed in Figure 1 , moving from FS to SF corners results in VTC shift of 120 mV. This shift will be even worse, if local (on die) variations are considered, causing a reduced noise margin and reduced reliability. To solve the aforementioned challenges, more than one low voltage libraries were characterized in the frame of this work. Each one of the libraries, comprising approximately 300 digital cells and sequential elements, presented different tradeoffs in terms Vt, size, energy dissipation, minimum supply voltage, and performance. The libraries were used in different modules according to the architectural requirements. The libraries present the following features to address the challenges: (a) mixed threshold (mixed Vt) transistors are utilized. Using transistors with different threshold voltages in different cells and libraries is a known methodology, however, in our case, transistors with different Vts are used inside the same digital cells and sequential elements. The use of mixed Vt transistors (HVT and SVT) in the same cell targets to overcome the relatively slow speed of p-channel transistors and to improve the noise margin (more symmetric VTC) and speed of the cell. To meet certain performance, one can either use a significantly large transistor or use a transistor with a lower Vth (i.e., standard Vth vs. high Vth). In conventional chips, utilization of mixed Vt transistors in a single cell can lead to increased sensitivity to process variations, especially under a low voltage operation. However, the unique Adaptive Dynamic Voltage Control (ADVC) approach, utilized in the proposed MCU SOC, allows reduction of this sensitivity by real time adaptation of the operating voltage, bulk biasing, frequency and other parameters of the systems, according to the process variations and environmental conditions. Mixing different V-th level transistors in the same cell require meeting additional design rules which in some cases require wider space. However, when comparing this to the option of enlarging the transistors, we found that the method of using mixed Vth, provides a better optimization of performance vs. area; (b) most of the cells allow selective bulk biasing for the PMOS transistors; (c) high fan-ins are avoided; (d) flip flop architecture avoid any ratioed logic and (e) careful sizing to assure area-energy-performance-reliability tradeoff. Figure 1b demonstrates the advantages of the characterized low voltage library over a conventional solution, showing 50% variance reduction. This also results in improved static noise margins, as shown in Figure 2 . 
MCU SoC Architecture
The SoC includes the complete Synopsys ARC EM5D MCU core, featuring a full set of DSP instructions and minimizing energy consumption at a wide range of frequencies: 312 K-80 MHz. It also contains all external interfaces to support the SOC operation, including an "Always-On" function at the system level. The SoC integrates all the needed analog blocks which are required for a complete "Sub/Near-threshold" operation, including programmable DC to DC converters (DC2DC), LDO, ADC, level shifters and other needed components, as shown in Figure 3 . The chip can be connected directly to a battery source and can accept input voltages from 1.6 V up to 3.6 V. The chip also supports an advanced Adaptive Dynamic Voltage Control (ADVC) approach of the internal core and bias voltages change to achieve the best power per performance for the desired speed and given environmental conditions. Furthermore, it improves the production yield and life time of the chip. The SoC chip incorporates a set of embedded memories and an extensive range of on-chip enhanced I/O's.
Adaptive Dynamic Voltage Control (ADVC)
A diagram describing the ADVC feature is shown in Figure 4 . The Power Management Unit (PMU) contains switching and linear power supply generators, all of which are connected to the battery. A series of sensors continuously measure the relevant Silicon operating parameters of the IC and feeds this information into a look-up-table (LUT) which sets the voltage identification code (VID) to the PMU. The VID determines the VCC level of the core and a programmable first-fail circuit (Ffail), whose VCC characteristics track those of the core. The user sets the target operating speed, and a built-in SW algorithm controls the core and the bias voltages based on monitored sensors and the data in the LUT. This Adaptive Dynamic Voltage Control (ADVC) continuously optimizes the core voltage to optimize power consumption for any user-selected target frequency and different environment conditions, and also improve the chip yield and reliability. The core voltage can be changed between 0.45 V to 1.1 V in small steps of 10 mv. The sensors include process monitors, temperature sensor, aging sensor, threshold voltage (Vt) sensor, and other sensors.
The PMU contains power supply circuits required for energy efficient operation. There is two inductor based DC to DC converters (DC2DC) which supply separate VCC voltages to the Core at an efficiency above 85% even at low VCC voltages and low load currents. The supplies can operate from near-Vt levels (0.45 V) up to 1.1 V. Figure 5 shows a fixed voltage LDO which provides a 0.9-1.1 V supply to analog and always-on circuits, while the sensors are supplied by a separate dynamically programmable LDO. A current mirror output stage is used in the LDO in order to improve the power supply rejection. The current mirror links the gate of the PMOS driver to VCC, while enables a more constant current even when VCC has AC ripples. The accuracy of all of these circuits is enabled by an on-die Bandgap reference circuit (BGREF), also shown in Figure 5 . The PMU has the option of controlling the body bias of the MCU N-wells for Vt variance compensation. Figure 5 shows several examples of the on-die sensors used to measure the Silicon parameters. These sensors are distributed in several locations on the chip to compensate for on die variations and supply the necessary feedback to the software ADVC algorithm. Temperature is measured by monitoring the Base-Emitter (Vbe) voltage of a parasitic PNP transistor and comparing it to a reference voltage, similar to [45] . The accuracy of this thermal sensor is ±5 • C across the operating range, which is sufficient for this application. All of the analog parameters are sampled by Successive Approximation Analog-to-Digital Converters (SAR ADC). A more detailed diagram of the SAR ADC is shown in Figure 6 and it is similar to the architecture shown in [46] . It has a coarse and fine split capacitor array, which is divided by an attenuation capacitor to save cap area while maintaining high resolution. It is a pseu-differential 12-bit SAR ADC that is configurable to be used with varying sample rates and 2 resolution options to allow for high resolution, high speed solutions which consume more power as well as low resolution, low speed solutions which consume minimal power. The accuracy of ADC can also be increased by oversampling and the decimation is done by the digital section inside the PLS15 to reach up to 16-bit accuracy. At the high-performance mode, it is capable of a 12 bit, 1 MSPs (1 Mega Sample per second) measurement consuming 410 uW and 0.35 pJ/step. Vbat is used as the reference voltage. An additional 6 bit SAR is available for the low power modes (12 uW @ 1 MSPs). The ADC is capable of a single shot or continuous sampling and has a built-in averaging of multiple samples.
A process monitoring circuit (PM), is utilized to obtain an accurate reading of the SoC's frequency capability. The PM is comprised of a ring oscillator which uses a variety of standard cells. The first-fail (FFail) circuit is a programmable critical path monitor (CPM) [47] designed to show the lowest acceptable SoC core voltage. The FFail gives a fail signal at a voltage which is slightly higher than the failing SoC voltage at a given frequency. It is designed from elements representing critical paths of the chip and can be digitally and linearly controlled with up to 8 bits. The detailed description of the FFail circuit is presented in the next sub-section. 
First Fail Circuit
FFail circuit is one of the most important and key components of the proposed system. It is used to determine the optimal operating voltage per device for a required frequency and environment conditions, such as the chip silicon corner or temperature. The FFail employs the exact programmable DLL which is used to represent the accurate delay of the critical path, which represents the worst-case timing path of the system. By using FFail circuit, it is possible to mimic the exact delay of the critical path and with this emulation, it is possible to get an accurate optimal operating voltage. The proposed FFail is unique since the measurement of the critical path delay is done in-line to the critical path logic, and an accurate representation of this path is done using a programmable DLL which is connected to the critical path logic. In the existing solutions, the measurements of the critical path delay are done either externally from the critical path logic or by not being represented using a programmable DLL.
A general architecture of the proposed FFail concept is shown in Figure 7 . The structure of the in-line DLL is depicted in Figure 8 . A programmable DLL is connected to the output and input of the combinational cells (represent the critical path) in a way which creates an oscillation loop, as seen in Figure 8 . The output of the oscillation loop is driven to an external PAD to be sampled by an external frequency measurement tool. Critical path combinational cells can be controlled through existing Flip-Flops in the device, which drives a valid data into each Flip-Flop in order to control the logic of the critical path to ensure that the logic of the selected critical path enables the signal propagation. To ensure the desired operation, three multiplexers are added within the oscillation path. The first multiplexer is used to bypass the programmable DLL when required. The goal of the second multiplexer is to close the oscillation loop. The third multiplexer is used to add an additional inversion stage if needed to ensure oscillation. By using these three multiplexers with different settings, it is possible to create an oscillation loop through the critical path logic or the critical path logic and the programmable DLL.
The DLL is programed to represent the delay of the critical path delay in the following way. At the first stage, the critical path is configured to assure the data flows through that critical path. The second stage of this method is to set the multiplexer controls so that only the plurality of the critical path combinational cells are closed in an oscillation loop, and the frequency is measured off-chip. The third stage of this method is to set the multiplexer controls so that the programmable DLL is also connected within the oscillation loop, while all DLL control bits are zero and the frequency is again measured off-chip. The fourth stage of this method is to modify the programmable DLL code in a binary search until the output frequency equals half the frequency, which was measured in the second stage (via the combination cells only). The fifth stage of this method is to record the DLL code within a memory element within the device. This code represents the delay of the critical path and will be further used to program the FFail circuit.
The structure of the FFail circuit is shown in Figure 9 . The circuit is constructed from the same programmable DLL, which is used in-line with the critical path. The same DLL control code, which was generated using the in-line DLL and the critical path oscillation loop is also used for the FFail programmable DLL. Two Flip-Flops are used within the FFail Circuit. The first Flip-flop drives the input to the programmable DLL and has an input which is always connected to "1", and the second Flip-Flop which is connected to the output of the programmable DLL. Both Flip-Flops can be reset before the test is performed. Subsequently, exactly two clock cycles are given to both Flip-Flops, after these two clock cycles, the output of the second Flip-Flop is sampled by the CPU. If the result equals '1 then the DLL delay is too short, and if the result equals '0 , the DLL delay is too long.
In order to determine the optimal voltage, the operating voltage of the FFail logic, which is controlled by a separate voltage source from the rest of the device, is set to the minimal voltage. For a given frequency, which is given to the clock of the FFail Flip-Flops, a test can be performed to check if the DLL delay is too short or too long at a given voltage. By using this method, the voltage can be increased until a pass result is obtained by the FFail circuit. A pass condition indicates that the FFail delay is exactly within the given clock period. Once this condition is met, the test can be stopped, and the last passing voltage can be used by the rest of the device as the operating voltage. As the FFail circuit has an equal path delay as the worst case critical path within the device, we ensured that the device would function correctly given the same voltage of operation, which is also used by the FFail Circuit.
A more detailed drawing of the DLL circuit is shown in Figure 10 . The dll_code_in [8:0] bus determines how many delay elements will be enabled. These are binarily weighted for a total of 511 different delay combinations, which are used to tune the FFail function. 
DC2DC
The DC2DC, implemented in this work is optimized for low power applications and maintains high efficiency, even at low load current and low output voltages. In general, switched DC-to_DC conversion can be accomplished by three modes of operation: Pulse-Width Modulation (PWM), Pulse-Frequency Modulation (PFM) and Pulse-Skipping Modulation (PSM-also known as discontinuous mode) (Figure 11 ). Among the above-mentioned, Pulse Width Modulation (PWM) mode is most appropriate for high power modes, where the switching and conduction losses are relatively small and maximum load current is required. The Pulse-Frequency Modulation (PFM) mode is used when the transmitted power is comparable to the switching losses. Adjusting the frequency limits these switching losses, such that this mode is useful at medium loads. At very low loads, the PSM mode "skips" many of the pulses and generates a pulse only when the voltage drops below a pre-determined threshold, which increases the light-load efficiency. Consequently, the PSM mode is appropriate for low-current loads and was adopted in this design. Figure 12 shows the schematic implementation of the DC2DC. The configuration of the DC2DC is input through the decoder, a block which operates at 1.1 V. The output voltage, VDD, is determined by the attenuator, which is a resistive voltage divider for the sensed output signal. The divided voltage is compared with the reference voltage, Vref, by the comparator. The comparator features a 4 mV-wide hysteresis loop. The soft start block ensures smooth charging of the output capacitor at power-up. If the signal EN = 0 then the signal power_good = 0. The soft start circuit blocks PMOS Driver and puts the fixed voltage to the gate of the PMOS driver, such that it acts as a current source. When the voltage VDD reaches a predetermined level, the high-level output of the comparator will disable the soft start circuit. The power_good signal is enabled, which allows the normal function of the PMOS driver. The turn-on time of the PMOS driver during normal operation is determined by the On-Time Oscillator according to the following expression:
where L is inductance, Ip is peak current (15 mA), VBAT is battery voltage and VDD is output voltage. The off-time of the PMOS is determined by the off-time oscillator according to:
A zero-cross detector senses when the NMOS current changes direction, at which point the NMOS driver is disabled. Additionally, a second-order L-C filter is connected at the output of the DC2DC to smoothen its output voltage. 
Measurements Results
A test chip, dubbed PLS10, consisting of the proposed MPU SoC has been designed and fabricated in TSMC's 40 nm ULP process (die photo is shown in Figure 14a ). The measurement setup is shown in Figure 14b . It includes conventional tools, such dedicated testing board, current meter and heating system. Many units have been characterized at different temperatures, process corners, and voltages. The measured functionality of the FFail circuit is shown in Figure 15 . On the left graph of Figure 15 , the Core and PM circuit frequencies are plotted against the supply VCC voltage. The PM circuit is designed such that its frequency is similar to the Core's. The FFail code (at 40 MHz) is shown on the right axis of the figure. It is shown that the FFail code tracks the Core frequency very accurately, proving its usefulness as a canary-bird circuit to determine the minimum operating voltage. On the right graph of Figure 15 , the FFail fail code is plotted against VCC for 5 frequencies. At lower VCC levels, the FFail code shows a nearly linear response to VCC level up to code saturation. Figure 15 indicates good MCU and Ffail functionality down to VCC = 0.45 V at 2 MHz.
The power and performance of the MCU are shown in Figures 16 and 17 . The graph shows a power range of 135-6800 µW at frequencies of 2-80 MHz for VCC ranging from 0.45-0.85 V, which includes current for always on. As expected, the leakage power is a strong function of temperature, as shown in Figure 16 , but is reduced dramatically with the VCC reduction. A comparison to state-of-the-art commercial SOCs is shown in Table 1 . In order to make an "apples-to-apples" comparison, we listed only Cortex M4F MCUs. Our IC (PLS10) has a 3× improved current/DMIPS (Dhrystone Million Instructions per second) compared to the next best chip. We also showed a 2× improvement in current/MHz, which is a measure of energy efficiency. The table was measured and compared at a nominal 20 MHz but at lower frequencies < 2 MHz and VCC = 0.45-0.5 V, the power difference being 3-4×. We also listed the next generation of our SOC (PLS15). PLS15 is an improved version of the PLS10, which also includes an improved Ffail circuits (the concept was presented in Section 2.3.1), embedded flash memory, 12 bit ADC, LCD controller, real time clock (RTC) operating in the deep subthreshold regime and consuming less than 100 nA. 
Conclusions
In this paper, an ultra-low power MCU SoC was presented. The SoC Includes the complete Synopsys ARC EM5D core MCU, featuring a full set of DSP instructions and minimizing energy consumption at a wide range of frequencies: 312 K-80 MHz. Detailed descriptions of the design approach, including library characterization, SoC architecture, ADVC mechanism, Ffail and DC2DC circuits were shown. The proposed core allows for operation between 0.45-1.1 V volts, with a direct battery connection for an input voltage of 1.6-3.6 V. Measurement resulting from a PLS10 test chip, designed and fabricated in 40 nm ULP technology, showed that the peak energy efficiency is 18 µW/MHz. A comparison to state-of-the-art commercial SoCs was presented, showing a 3-5× improved current/DMIPS (Dhrystone Million Instructions per second) in comparison to the next best chip. It was shown that the next generation of the SoC is expected to improve these numbers by almost 2×.
